Sucrose is the major form of photosynthetically assimilated carbon that is transported in plants (Lalonde et al., 1999) and is the major source of carbon for petal growth (Woodson and Wang, 1987) . The accumulation of reducing sugars (Nichols, 1973) , in conjunction with an increase in invertase activities during petal expansion (Woodson and Wang, 1987) , results in a low ratio of sucrose to reducing sugars which then allows a continuous transport of sucrose into the growing petals. In Asiatic lilies, the total carbohydrates in the tepals of each bud plays an important role in the development of the buds to anthesis (van der Meulen-Muisers et al., 2001) . Smaller buds, detached from the inflorescence, contain less stored carbohydrates and have a higher percentage of bud blasting. This led to the suggestion that bud blasting in Asiatic lily is due to a lack of carbohydrates as has been reported in Freesia ×hybrida Bailey (Spikman, 1989) and Gladiolus sp. (Serek et al., 1994) . In comparison, when buds of Asiatic lily are left attached, redistribution of stored carbohydrates from larger buds to smaller buds occurs within the inflorescence and enables small buds (30 to 60 mm), which would have blasted if detached, to develop to anthesis (van der Meulen-Muisers et al., 2001) .
In flowers containing anthocyanins, the change in pH of the vacuoles determines the runoff with water (control) or with a solution containing 50 mg·L -1 each of GA 4+7 and BA. Stems were then placed in tubes containing 0% or 2% sugar plus 200 mg·L -1 HQC. Postharvest quality of the flowers and leaves was evaluated in a 20 °C simulated interior environment illuminated 12 h/d with 8 µmol·m -2 ·s -1 from cool-white fluorescent lamps. The development of leaf yellowing, longevity of each flower bud, percentage of bud blasting, and the vase life of each stem was monitored. Vase life was defined as the number of days from placing the stems in the vase to the day when the last flower bud on each stem senesced. Leaves were considered senesced when >50% of the area had become chlorotic or necrotic. There were eight replicate stems per treatment.
For excised bud experiments, various stages (based on length of the flower buds) of individual buds with the pedicel attached were placed in 20-mL vials containing various concentrations of sugar and 200 mg·L -1 HQC. Coldstored buds were placed in vials containing 200 mg·L -1 HQC for the 2-week storage and were then transferred to the appropriate preservative solutions for postharvest evaluation. There were 10 replicate buds per stage.
Leaf removal experiment. To determine the role of leaves on bud development, leaves were removed from freshly harvested stems. Control stems were left intact. Each stem was then placed in tubes containing 0% or 2% sugar plus 200 mg·L -1 HQC. There were eight replicate stems per treatment.
Anthocyanin. Anthocyanin content was determined using modified procedures of Dedaldechamp et al. (1995) . Cut stems were placed in tubes containing 0%, 2%, or 5% sugar plus 200 mg·L -1 HQC. Once fully opened (the day after anthesis), flowers were excised and their petals removed and weighed. Petals were then cut into 1-cm strips, placed in a beaker containing 0.1% HCl in methanol, and ground to an even consistency. The resulting slurry of petal and methanol was then vacuum filtered and rinsed sufficiently with 0.1% HCl in methanol solution to remove remaining pigments. Filtrate was adjusted to 1:100 w/v using additional 0.1% HCl in methanol solution. Absorbance was measured with a spectrophotometer (Spectronic model 1201, Rochester, N.Y.) at 530 nm. The amount of anthocyanin in the most mature bud (referred to as the position 1 bud) on stems placed in sugarless solutions was used as the reference point for calculations. Data are expressed as the percentage of anthocyanin in each bud relative to the position 1 bud.
Statistical analysis. Data were analyzed using the SAS General Linear Model procedure (SAS Institute, 1999 ). An arcsin transformation was performed on percentage data prior to analysis. Differences among treatments were further analyzed using Duncan s multiple range test or paired comparison.
Results and Discussion
Sugar and opening of fl owers. Individual 'Stargazer flowers lasted 4.5 to 5 d and weighed 14 g (Table 1 ). Unlike cut roses, in color change of the senescing petals (Stewart et al., 1975) . A slight change in pH affects the copigmentation of anthocyanin with other flavonoids and related compounds, thus resulting in an array of colors from red to blue (Asen, 1975) . Treatment of cut flowers with sugar delays proteolysis which then delays the increase in pH and bluing of petals associated with senescence (Halevy and Mayak, 1979) .
One of the advantages of cut flowers is that, after harvesting, sucrose can be supplied in the vase solution to improve the quality and postharvest life of many species (Halevy and Mayak, 1979) . The objective of this study was to investigate if addition of sugars to the vase solution could counteract the bud blasting of small lily buds and how sugars affect the quality of the leaves and the opening, petal color, and longevity of Oriental lily 'Stargazer flowers.
Materials and Methods

Concentration of sugar and cold storage.
Cut Oriental lilies 'Stargazer were harvested from local commercial greenhouses when the largest flower bud on each stem was at the stage of showing color to fully colored. They were transported, within an hour, to a 20 °C laboratory and each stem was trimmed to 45 cm and then placed, for postharvest evaluation, in an individual 100-mL tube containing 0% or 2% sugar plus 200 mg·L -1 hydroxyquinoline citrate (HQC) or was cold-stored for 2 weeks prior to placing in the preservative solutions. Coldstored stems were sleeved and stored dry in a 3.3 °C dark cooler for 2 weeks. In a separate experiment to determine the effects of GA 4+7 and BA in reducing leaf yellowing induced by sugar in the vase solution, cut stems were sprayed to which addition of sugar increases the fresh and dry weight of the petals (Goszczynska et al., 1990) , the addition of 2% sugar into the vase solution did not affect the size of 'Stargazer flowers (Table 1) . Longevity of each flower, another measure of the postharvest quality of flowers, was not affected by the developmental stage of the buds at harvest or the sugar in the vase solution (Table 1) . In Asiatic lily, longevity remained constant for all buds that are attached to the inflorescence, despite their vast differences in developmental stages at the time of harvest (Song et al., 1996; van der MeulenMuisers et al., 2001) . However, longevity decreased as the size of detached buds decreased at the time of harvest (van der Meulen-Muisers et al., 2001 ). The authors suggested that the constant longevity of all attached flowers in a lily inflorescence is due to the redistribution of tepal carbohydrates from the larger to the smaller buds which would not have occurred in detached buds. The proposed role of carbohydrate redistribution in flower longevity was not observed in 'Stargazer , since there was no difference in longevity between attached and detached flowers and between various stages of detached buds (data not shown). The discrepancy between Asiatic lilies and 'Stargazer was probably due to the large differences in the number of flower buds. In Asiatic lily, each stem had 5 to 15 flower buds (Song et al., 1996 ; van der Meulen-Muisers and van Oeveren, 1997), whereas in 'Stargazer , each stem contained three to four buds. It is possible that even the smallest bud on 'Stargazer stems harvested at the commercial stage contained sufficient carbohydrates for the opening of the buds. The addition of sugar to the vase solution (0.5% to 2%), therefore, did not improve the longevity of excised 'Stargazer buds (data not shown). However, while sugar in the vase solution did not affect the flower longevity of Asiatic lily 'Corderia , it does increase the percentage of open buds, thus, significantly increasing the vase life (Song et al., 1996) . The effects of sugar in extending vase life was not observed in 'Stargazer as all buds developed into anthesis, regardless of sugar in the solution, and the longevity of all flowers was the same. The average vase life of the cut stems was 17.5 d.
Sugar, however, significantly increased the anthocyanin content in 'Stargazer petals and thus the intensity of the petal color (Table 2) . At the time when the flowers were fully opened (the day after anthesis), anthocyanin content in the 2% sugar treatment was 160% that of those placed in 0% sugar, giving the petals a visual appearance close to those on intact plants. Increasing the sugar concentration to 5% further increased the anthocyanin content. A low sugar content has been associated with pale-colored flowers (Kofranek, 1985) . In contrast, environmental conditions such as low temperature and high light intensity that result in sugar accumulation increase the synthesis of anthocyanin and the color intensity of petals (Boo et al., 1997) . A positive correlation exists between soluble sugar content and anthocyanin in Eustoma grandifl orum (Ref.) Shinn. petals (Kawabata et al., 1999) . It is believed that sugar does not act as the specific signal for the activation of the anthocyanin biosynthesis gene expression but rather as a source for carbohydrate metabolism, specifically phosphorylation of hexose, upon which the induction of anthocyanin synthesis is dependent (Moalem et al., 1997; Vitrac et al., 2000) . Furthermore, it has been shown that the sugar-phosphorylation-related signal transduction must interact with the gibberellin signal to induce gene expression and anthocyanin accumulation in developing corollas (Moalem et al., 1997; Neta et al., 2000) . The practice of defoliating Oriental lilies, customary of retail florists, did not affect the opening (all buds developed to anthesis, regardless of treatment), flower longevity, or size of the open flowers (Table 3) , but did result in, visibly lighter-color petals when placed in a solution without sugar. Addition of sugar into the vase solution counteracted the adverse effects of defoliation on petal color. In addition, sugar in the vase solution increased the flower size of the defoliated stems (Table 3) . It has been reported that defoliation does not affect bud opening or flower longevity in Asiatic lilies and thus the conclusion that carbohydrates stored in the leaves do not contribute much to maintaining flower longevity (van der Meulen-Muisers et al., 1995). Our data indicated that while carbohydrates stored in the leaves of 'Stargazer did not affect the opening and longevity of the flowers, it played a role in the synthesis of anthocyanins in developing buds. Translocation of carbohydrates from stem and leaves to the developing buds for anthocyanin synthesis is supported by a study in Eustoma, in which shading of the stem and leaf significantly reduced the intensity of petal color, whereas shading of the opening buds did not (Kawabata et al., 1999) .
The bud blasting and reduced longevity and size of flowers induced by cold storage (Han, 2001) was not affected by the addition of sugar in the vase solution (data not shown). Sugar in the vase solution, however, enabled 15% to 20% more flowers in cold-stored stems to open fully vs. only partially without sugar. This suggests that addition of exogenous sugar to the vase solution affects the opening of buds but only in situations when the stored carbohydrates are borderline limited.
The role of sugar in flower opening is more evident in excised bud experiments. Without sugar, 100% of the freshly harvested buds 6.1 cm blasted, whereas 60% and 0% of the buds 6.6 cm and >7.0 cm, respectively, blasted (Fig. 1) . The addition of 2% sugar en-abled most of the buds between 5.4 and 6.6 cm to open indicating that lack of sugar was the cause for bud blasting in non-cold-stored buds. For smaller buds, i.e., 4.2 cm, it was necessary to increase the sugar concentration to 5% in order to eliminate bud blasting (data not shown). The concentration of exogenous sugar required to overcome bud blasting was dependent on the developmental stage of the buds and decreased as the bud size increased (Fig. 2) . Our data agree with that of Asiatic lily in which a bud size of >6.0 cm was necessary for the opening of the detached buds (van der Meulen-Muisers et al., 2001 ). However, the positive correlation between the developmental stage of the buds, thus the total carbohydrates in the tepals, and the longevity of detached Asiatic lily buds (van der Meulen-Muisers et al., 2001) was not observed in 'Stargazer . The longevity was the same for all detached buds of 'Stargazer that developed into anthesis, regardless of their size at the time of harvest (data not shown). This suggests that buds of that stage contain sufficient carbohydrates for maintaining flower longevity.
The cold-storage-induced bud blasting in intact Oriental lilies (Han, 2001 ) was observed in excised buds as well. Blasting of 7.0-cm buds in 0% sugar increased from 0% to 40% after a 2-week cold storage (Fig. 3) . Addition of 2% sugar in the vase solution, however, counteracted the detrimental effects of cold storage on larger buds and all buds at the 7.0-cm stage developed into anthesis. For smaller buds, sugar alone did not counteract the negative effects of cold storage on bud blasting. All of the freshly harvested 5.4-cm buds, which would have developed into anthesis in a 2% sugar solution, failed to open after a 2-week cold storage. Results suggest that bud blasting was at least partially due to lack of carbohydrates for the development of the 'Stargazer 4.8 ± 0.5 5.8 ± 0.6 5.0 ± 0.6 14.8 ± 0.7 13.6 ± 0.8 12.7 ± 0.5 17.8 ± 0.9 Intact 2 3.8 ± 0.2 4.8 ± 0.4 4.8 ± 0.5 14.7 ± 0.7 14.0 ± 0.6 13.5 ± 0.5 17.5 ± 0.9 Defoliated 0 4.6 ± 0.4 5.3 ± 0.6 5.0 ± 0.7 14.2 ± 0.7 13.5 ± 0.6 11.7 ± 0.3 18.1 ± 0.3 Defoliated 2 4.3 ± 0.4 4.6 ± 0.8 4.9 ± 0.4 16.1 ± 0.6 15.7 ± 0.6 13. buds and that the use of exogenous sugar was advantageous but only in situations where carbohydrate was marginally limited.
Of the 25 postharvest experiments conducted on 'Stargazer , one variable, the percentage of buds blasted after a 2-week cold storage, varied greatly between experiments, ranging from 0% to 56%, with an average of 30% bud blasting in most experiments. In most experiments, all of the third bud and none of the first bud on each stem blasted indicating, once again, that bud blasting was determined by the developmental stage of the buds. Measurement of the length of the third bud, taken from various experiments, indicated that bud length at the time of harvest ranged from 5.5 to 7.7 cm. According to the excised bud experiments, these were the developmental stages that were susceptible to cold-storage-induced bud blasting (Fig. 3) . Thus, the large variation in bud blasting between various experiments might be explained simply in that lily stems were harvested based on the coloration of the largest bud and the stage of the smallest bud was not taken into consideration. The harvesting stage of the inflorescence has been shown to contribute significantly to the variation in inflorescence longevity and the percentage of open flowers in several cultivars of Asiatic lilies (Lilium L.) (van der Meulen-Muisers and van Oeveren, 1997) . In 'Apeldoorn and 'Ladykiller , only 30% of the buds on freshly harvested stems developed to anthesis when inflorescences were harvested with the largest bud just starting to show color, whereas 85% and 99% of the buds of the same cultivars opened, respectively, when inflorescence were harvested when the most mature bud had reached anthesis. Unlike most species in which flowers for long-term storage or long-distance transport are harvested at a tighter-bud stage than that intended for local market, 'Stargazer stems intended for storage should be harvested at a more developed stage.
Sugar and leaf quality. Light during cold storage increases levels of soluble carbohydrates in the leaves of potted 'Stargazer and delays the development of post-storage leaf yellowing, indicating a relationship between carbohydrate levels and leaf yellowing (Ranwala and Miller, 2000) . In cut flowers, the addition of sugar in the vase solution is a convenient method of adding soluble carbohydrates (Halevy and Mayak, 1979) , but in cut 'Stargazer , 2% sugar in the solution induced earlier development of leaf yellowing when compared to those in a sugarless solution ( Fig. 4) . Higher concentrations of sucrose (5%) caused leaf blackening (starting as blackening of partial leaf area and eventually resulting in blackening of the entire leaves indicating phytotoxic reactions to high levels of sugar (Fig. 5) . Leaf scorch and necrotic lesions, as well as other forms of phytotoxic symptoms, have been reported in cut chrysanthemums (Chrysanthemum ×morifolium Ramat.) and zinnias (Zinnia elegans Jacq) when placed in vase solution containing > 2% sugar (Kofranek and Halevy, 1981; Stimart and Brown, 1982) . Blackening of leaves in 'Stargazer also developed in an experiment in which buds were removed and stems were placed in a 2% sugar solution (Fig. 6) , again, as a result of the accumulation of excess sugar in the leaves. Results, thus, support anecdotal comments from florists that sugar in vase solution enhances leaf yellowing and thus provides the reason for using sugarless solution in the handling of cut lilies. However, spraying leaves with a growth regulator solution containing both BA and GA 4+7 reduced leaf yellowing induced by sugar in the vase solution (Fig. 7) , cold storage (Han, 2001; Ranwala and Miller, 1998) , and normal leaf senescence (Celikel et al., 2002) .
In conclusion, addition of sugar to the vase solution improved the intensity of the petal color but did not improve bud opening, longevity, or size of non-cold-stored 'Stargazer harvested at the commercial marketing stage. In cold-stored stems, while sugar in the vase did not reduce the cold-storage-induced bud blasting, it did enable some buds, which would otherwise have only opened partially to open fully. When cut stems were harvested at a stage containing buds < 6.1cm, bud blasting of those small buds occurred due to lack of carbohydrates for proper bud development. Addition of 2% sugar to the vase significantly increased the opening of the small buds. The critical stage for bud opening, however, increased to >7.0 cm on cold-stored stems, indicating that stems intended for cold storage should be harvested at a later stage. Defoliation of Oriental lily to eliminate unsightly yellow leaves, a common practice by retail florists, reduced the intensity of petal color but had no affect on bud opening and longevity of buds, size of flowers, and vase life of the stems. Addition of sugar to the vase solution of defoliated stems not only restored the color on the petals but increased the size of the open flowers. For best petal coloration and leaf quality, cut stems should be placed in a solution containing 2% sugar and leaves should be left intact and sprayed with a solution containing BA and GA 4+7 .
